For almost 3 decades, flow cytometry has allowed researchers to investigate ocean planktonic 20 communities using size and cell fluorescence properties. However, oceanographic applications must 21 face two constraints. First, when dealing with marine microbes, instruments must be sensitive because 22 these organisms are very small and with low fluorescence. Second, instruments must be portable to be 23 used on board ships. We compared the performance of two instruments, the BD FACSCanto™ and BD 24 Accuri™ C6. The former is an expensive laboratory-based instrument which has a very good 25 sensitivity, whilst the latter is less sensitive but presents critical advantages for field studies (easy 26 handling and transportation, relatively low cost). We have analyzed 102 samples from the South 27 Atlantic Ocean from 3 transects off Brazil, within the euphotic zone. We compared cell abundance of 28 heterotrophic bacteria, Prochlorococcus and Synechococcus, as well as photosynthetic pico-and nano-29 eukaryotes. Heterotrophic bacteria, pico-and nano-eukaryotes could be easily detected with both 30 cytometers. Prochlorococcus and Synechococcus populations were severely under-estimated with the 31 BD Accuri™ C6, particularly for samples from the well-lit layers of the water column. Correction of 32 abundance data using previously suggested approaches was not sufficient to fully compensate for the 33 low sensibility. Our data suggest that the BD Accuri™ C6 is suitable for counting marine bacteria and 34 photosynthetic eukaryotes, but not Prochlorococcus and Synechococcus. 35 36 3 37 130 Samples were first analyzed unstained to enumerate phototrophs. Fluorescent beads (0.95 G 131 Fluoresbrite ® Polysciences, Warrington, PA) were added in each sample in order to normalize 132 parameters (Marie et al. 1997). A second analysis was performed to enumerate heterotrophic bacteria 133
Introduction
Flow cytometry (FCM) is a well-established technique (Marie et al. 1997; Gasol and del 39 Giorgio 2000) used since the 1980s (Trask et al. 1982; Olson et al. 1985) for enumeration and 40 characterization of marine micro-organisms. FCM analysis of planktonic communities fulfills the 41 scientific demands of rapid and accurate cell counting, as it considerably reduces the bias introduced by 42 visual counting (Marie et al. 2005) . By simultaneously recording several parameters during analysis, 43 FCM allows the discrimination of pico-and nanoplankton populations and the estimation of their 44 abundance, cell size, and pigment content (Marie et al. 2005) , both by natural (chlorophyll, 45 phycoerythrin) or induced (fluorescent dyes) fluorescence (Marie et al. 1997) . 46 The flow cytometer registers events as cells are aligned in a fluid stream and flow through a 47 beam of focused light usually provided by one or several lasers. For each particle, scattered light and 48 emitted fluorescence are converted to digital signals and recorded. A flow cytometer comprises three 49 main systems: fluidics (particle transport), optics (laser beam and optical filters), and electronics (signal 50 conversion into electronic data). Detectors for scattered light located at 180° and 90° from the light 51 source are called forward scatter (FSC) and side scatter (SSC), respectively. Fluorescence at different 52 wavelengths (typically green, orange and red) is also recorded. Signals associated with each parameter 53 are displayed as cytograms, which are used to discriminate and count different populations based on 54 scattering and fluorescence features. Phytoplankton populations can be differentiated by FCM 55 according to specific values of the recorded parameters (FSC, SSC, red or orange fluorescence). 56 Bacteria are in general detected after staining with a nucleic acid strain such as SYBR Green-I 57 (Marie et al. 1997) . Two different groups can be distinguished based on their apparent nucleic acid 58 content (differences in fluorescence intensity) and side scatter signal (SSC): high nucleic acid (HNA) 59 and low nucleic acid (LNA) bacteria. The function and ecological importance of these two groups is far 60 4 from being fully understood (Bouvier et al. 2007; Van Wambeke et al. 2011) , and several studies have 61 addressed these nucleic acid content differences in terms of ecological traits, such as bacterial activity 62 and production (Morán et al. 2007; Ortega-Retuerta et al. 2008; Van Wambeke et al. 2011) . 63 Two main groups of autotrophic prokaryotes dominate picoplankton: Prochlorococcus and 64 Synechococcus. Prochlorococcus is ubiquitous in the euphotic zone of tropical oceans, being 65 considered the most abundant photosynthetic organisms on the planet (Partensky et al. 1999b) , and its 66 discovery was only made possible with the development of flow cytometry (Chisholm et al. 1988) . 67 Prochlorococcus is discriminated by its small scattering and low red fluorescence (chlorophyll). 68 Synechococcus is widely distributed in marine environments, being particularly abundant in well-lit 69 and nutrient rich top layers of the oceans (Partensky et al. 1999a ). One of the key parameters that 70 allows Synechococcus populations to be discriminated by FCM is the phycoerythrin content (orange the Applied Biosystems Attune ® has facilitated the use of FCM to study of phytoplankton communities 85 5 around the world, due to easy handling, automatic sampling and easy transportation (a critical quality 86 for field measurements). However, these low cost instruments can be less sensitive than laboratory 87 based flow cytometers, due to less sophisticated optical and/or electronic systems. 88 A lower sensitivity is usually not a problem for bacteria which are detected after staining with 89 strongly fluorescing dyes such as SYBR Green, or for small eukaryotes whose pigment content is 90 relatively high. However, this is not the case for cyanobacteria like Prochlorococcus, for which the 91 concentration of photosynthetic pigments per cell is as much as 50-100 fold lower in cells exposed to 92 high light as a result of photo-acclimation (Sosik et al. 1989; Olson et al. 1990), creating 'dim' 93 populations in the surface layers. Such low fluorescence explains why Prochlorococcus escaped 94 detection by researchers using epifluorescence microscopy or even during the first use of FCM on 95 board oceanographic ships (Olson et al. 1985) . To overcome the problem of low sensitivity flow 96 cytometers, both direct and indirect approaches to infer Prochlorococcus abundance have been 97 developed, such as changes in cytometer optical set up to improve excitation energy or fluorescence 98 detection (Dusenberry and Frankel 1994; Partensky et al. 1999b ) and the use of mathematical 99 corrections (Zubkov et al. 1998; Crosbie and Furnas 2001) . 100 In this paper, we compare data obtained on marine microbial communities with two flow 101 cytometers, the FACSCanto™ and the Accuri™ C6 (hereafter named as CANTO and C6). Although 102 manufactured by the same company (BD Biosciences, San Jose, CA, USA), these cytometers present 103 distinct fluorescence excitation/detection technical features (Table 1) . Differences in laser, optics and 104 electronic systems can potentially affect sensitivity and resolution, influencing the accuracy of field 105 measurements. We analyzed heterotrophic marine bacteria, photosynthetic eukaryotes and 106 cyanobacteria on a set of marine samples from the South Atlantic Ocean (displaying both nutrient and 107 light gradients within the water column). While both instruments produced equivalent data for bacteria 108 and eukaryotes, cyanobacteria, especially Prochlorococcus, were severely under-estimated with the C6 109 instrument, and procedures previously suggested to correct the data proved ineffective. (Table 1) . Samples were counted simultaneously on both cytometers located in the same room, in order 127 to avoid any possible bias by manipulation or time span between measurements. The tubing of the C6 128 was new and fluidics were calibrated for precise volume measurements as recommended by the 129 manufacturer (Section 4.13 of manual). 7 after staining with SYBR Green ® (1:10000, final concentration) Life Technologies, 134 Eugene, Oregon). 135 On the C6, for enumerating phytoplankton, 200 µL of sample were analyzed at the "high" rate 136 (66 µL.min -1 ) with a threshold set at 700 on red fluorescence (FL3-H). To enumerate heterotrophs, 60 137 µL of SYBR Green stained samples were run at "medium" rate (35 µL.min -1 ) and the threshold was set 138 at 700 on green fluorescence (FL1-H). In both cases, thresholds were determined by running 0.2 µm 139 filtered sea water sample and lowering the values until electrical or optical noise appears. 140 On the CANTO for enumerating phytoplankton, samples were run for 3 min with a rate of 72 141 µL.min -1 and with the discriminator set on red fluorescence at 200. For bacterial enumeration, SYBR 142 Green stained samples were run for 2 min at a rate of 60 µL.min -1 and the threshold was set on green 143 fluorescence at 500. Flow rate was determined by the method described by Marie et al. (1997) . A 144 known volume of seawater was injected on the CANTO for at least 10 min. Then the remaining volume 145 is measured and the rate is determined by dividing the difference between initial and final volumes by 146 the injection time. 147 Data were analyzed with the Flowing Software ® 2.5 (http://www.flowingsoftware.com). Each 148 population was identified on the cytograms on the basis of its scatter and fluorescence signals ( Fig. S1 ). 149 Each parameter was normalized to that of the reference beads (0.95 µm). Cell counts for each red 150 fluorescence value were exported from the single parameter histogram. The resulting spreadsheet (File 151 S1) was used in subsequent analysis with the R software (R Development Core Team, 2013). 152 Near the surface the red chlorophyll fluorescence of the picophytoplankton decreases due to 153 photoacclimation (Partensky et al. 1993; Dusenberry et al. 2001; Kulk et al. 2011) . Therefore, for a 154 fraction or even all of the Prochlorococcus and Synechococcus populations, fluorescence can fall 155 below the detection threshold (Fig. 2 ). For the case where only a part of the population was in the 156 noise, we modified the correction procedure described by Crosbie and Furnas (2001) and implemented 157 it as an R routine (File S2). This correction assumes that the red fluorescence distribution of these 158 8 populations has a log-normal shape (Crosbie and Furnas 2001; Shapiro 2003) and that, when the left 159 part of the distribution is partially in the noise, the left part can be extrapolated from the right part. The 160 R routine takes as input histograms produced by the Flowing Software ® (but can be adapted to other 161 data formats) and outputs uncorrected and corrected cell abundance data (output data examples can be 162 found in Files S2 and S3). Three cases can occur for a given population. 163 1. The mode of the histogram is not visible (e.g. Fig. 2G ). In this case, the population is 164 considered to be mostly within noise, without the possibility of counting or correction. Hence, 165 this population is removed from the dataset and labeled as 'cells in noise' by the R routine. 166 2. The mode is visible, but the left part of the distribution is partly below the noise level (e.g. Fig.   167 2A). In this case, the abundance of each population is calculated as the double of the right part 168 of the histogram, from the mode to the maximum, and samples are labeled as 'correction' 169 3. The mode is visible and the distribution is totally out of the noise (e.g. Fig. 2C ). In this case no 170 correction is performed and the initial output value is kept ('no correction' samples). 171 In some cases, the automatic correction needs some degree of visual confirmation, especially 172 for deeper samples with low cell numbers resulting in noisy histograms (e.g. Fig. 2Q or 2W ). 173 Therefore, the R routine provides a graphical output of the histogram for each sample (File S3), 174 allowing the user to visually confirm whether the automatic labeling (case 1, 2, or 3 above) is correct. 175 Statistical analyses were performed with the PRISM ® 7 software (http://www.graphpad.com/scientific-176 software/prism).
177

Results
178
Bacterial populations were well resolved for both CANTO and C6 for all samples (Fig. S1 ). 179 High Nucleic Acid and Low Nucleic Acid bacterial populations were consistently distinguished with 180 both cytometers and there was a very good correlation for both HNA and LNA (R 2 = 0.85 and 0.89, 181 respectively) between the data obtained on the different instruments ( Fig. 3A, B ). For HNA slope was 182 9 statistically different from 1 (p < 0.0001) and abundances estimated by the C6 were consistently lower 183 by 10-15% compared to the CANTO. 184 The chlorophyll fluorescence of Prochlorococcus and Synechococcus decreases from the deeper 185 layers to the surface in response to photoacclimation. For samples near the surface, cells from both 186 populations can be partly or totally in the noise depending on the instrument sensitivity. Fig. 2   187 demonstrates clearly that the C6 is less sensitive than the CANTO by at least a factor of 10 (note for 188 example Fig. 2C and 2I for Prochlorococcus at 110 m for the CANTO and C6, the mode of the 189 histogram is in the noise for the C6 and about 10 times higher than the noise level for the CANTO). 190 With the C6, Prochlorococcus populations were completely in the noise above 100 m (55 out of 102 191 samples, Fig. 2 and 4, Table 2 ) and for Synechococcus partly or completely in the noise above 50 m (15 192 out of 102 samples, Fig. 2 and 4 , Table 2 ). With the CANTO, only surface Prochlorococcus were 193 partly in the noise and Synechococcus was always fully resolved ( Fig. 2 and 4 , Table 2 ). When cells 194 were only partly in the noise (i.e. when the histogram mode was clearly visible, e.g. Fig. 2U ), we 195 estimated the part of the population that was in the noise using the approach proposed by Crosbie and 196 Furnas (2001) (see Material and Methods section). The comparison between the C6 data which 197 required correction and the CANTO data that did not require correction allowed us to assess the 198 validity of this approach (Fig. 3C and D). 199 Clearly some data points that are corrected (grey squares) appear as outliers and are severely 200 underestimated with the C6, even after correction ( Fig. 3C and D) . The slopes for non-corrected 201 samples (solid circles) are significantly different from 1 (p < 0.0001), being respectively 0.75 202 (Prochlorococcus) and 0.77 (Synechococcus) ( Fig. 3C and D) , which corresponds to 25% lower 203 abundance on average with the C6. Vertical cross sections of two transects (Fig. 4) illustrate that, while 204 the CANTO provides fully resolved vertical profiles for both Prochlorococcus and Synechococcus 205 population, the data from the C6 cannot be used in the upper layer (roughly from 100 m to the surface). 206 10 Pico-and Nano-eukaryotes were always above the detection limit for both instruments with 207 excellent correlation between the two instruments (R² = 0.94 and 0.69, respectively, Fig. 3E and F) . As 208 for the other populations, the slopes were significantly different from 1 (p < 0.0001). While 209 picoeukaryotes were about 15% more abundant with the C6, it was the reverse for nanoeukaryotes 210 which were slightly underestimated by the C6. tubing is changed following the manufacturer's recommendation. However, we have recently observed 221 that the actual volume analyzed varies, even during the course of a day, and needs to be re-calibrated at 222 fixed intervals using a procedure similar to the one used for the CANTO (D. Marie, unpublished data). 223 The slightly lower correlation coefficient observed for nanoeukaryotes could result from the difficulty 224 to clearly distinguish the limits of the pico and nano-eukaryote populations. 225 In contrast, the lower sensitivity of the C6 led a drastic underestimation or even non-detection 226 of the cyanobacteria in the upper 100 m of the water column, especially for Prochlorococcus. But the 227 phenomenon was also present for Synechococcus although it had not been recognized previously. For 228 both populations, corrections, such as those recommended previously (Zubkov et al. 1998; Crosbie and 229 Furnas 2001), did not completely solve the problem, since in some samples the corrected counts were 230 11 still much lower than those obtained with the CANTO (Fig. 3C, D) . The data obtained with the C6 for 231 Prochlorococcus but also Synechococcus, should be considered with great caution even when only a 232 part of the population is in the noise. 233 The oceanographic transects (Fig. 4) 
